Using DNA probes specific for the three members of the bean (Phaseolus vulgaris L.) phenylalanine ammonia-lyase (PAL) gene family, we have studied the effects of the product of the PAL reaction, trans-cinnamic acid (CA), on the appearance of individual PAL transcripts in suspension cultured bean cells. Concentrations of CA in excess of 10-4 molar inhibited appearance of elicitor-induced transcripts encoding PAL1, PAL2, and PAL3 when added to the cells at the same time as fungal elicitor. Addition of CA 4 hours postelicitation caused a major reduction in the levels of all three PAL transcripts, but with different kinetics and subsequent rates of recovery. The inhibition of accumulation of PALI, PAL2, or PAL3 transcripts, measured 3 hours after exposure to elicitor, as a function of the time of addition of CA postelicitation reflected the different rates of appearance of the three PAL transcripts in the presence of elicitor alone. The inhibitory effects of CA as seen on PAL transcripts were not observed for the constitutively expressed transcript HI, or the elicitor-inducible 1,3-0-D-glucanase. Analysis of in vitro translated polypeptides showed that some elicitor-induced mRNA activities were not down-regulated by CA, and that a number of other mRNA activities were induced by CA, thus providing further evidence for specificity in the action of CA on bean cells. Treatment of elicited cells with L-a-aminooxy-,8-phenylpropionic acid, a potent and specific inhibitor of PAL activity, resulted in maintenance of elevated PAL transcript levels beyond 12 hours postelicitation, this effect being greatest for PAL transcripts 2 and 3. Our results are consistent with a model in which CA, or a derivative, could act as a component in a regulatory feedback system operating at the level of phenylpropanoid gene transcription.
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The production of antimicrobial phytoalexins and wallbound phenolic compounds in bean cells in response to fungal infection or microbial elicitor molecules results from the transcriptional activation of a number of genes encoding enzymes ofthe general phenylpropanoid pathway and specific branch pathways of flavonoid/isoflavonoid and lignin biosynthesis (8) . The PAL2 (EC 4.3.1.5), the first enzyme involved in the synthesis of all plant phenylpropanoid secondary metabolites from Lphenylalanine, and CHS (EC 2.3.1.74) the first enzyme in the specific flavonoid/isoflavonoid pathway. Genes encoding these two key regulatory enzymes have recently been cloned from a number of plant sources (5, 8, 20, 21) . In bean, PAL is encoded by a family of three genes (5) . Induction of PAL and CHS mRNAs by elicitor in suspension cultured bean cells is transient. Although the exact induction kinetics depend on the cell culture line used, appearance of transcripts usually reaches a maximum between 2 and 4 h postelicitation and then declines, in some cases being followed by a second phase of transcript accumulation (8, 10, 12 ).
An increasing body of evidence suggests that the product of the PAL reaction, CA, may be involved in the downregulation of the phenylpropanoid pathway. Thus, exogenous additions ofCA prevent the induction of PAL enzyme activity in a number ofsystems including bean cell suspension cultures (3, 6) , potato tuber slices (16, 17) , and pea epicotyl sections (25) . In bean, exogenously added CA affects both the rate of PAL synthesis, by inhibiting appearance of PAL transcripts (4) , and also the rate of removal of active PAL enzyme, by inducing synthesis of a proteinaceous inhibitor of the enzyme (3) (M Mavandad, RA Dixon, unpublished results). CHS appears to be regulated by CA at the transcriptional level, but not post-translationally as in the case of PAL (4) . The operation of a negative control loop in response to endogenous CA formed from L-phenylalanine in vivo is supported by the superinduction of PAL enzyme activity, mRNA activity and hybridizable mRNA level (4, 25) , observed in induced cells treated with AOPP, a potent and specific competitive inhibitor of PAL activity in vivo (1).
Although results from several different approaches all indirectly support a role for CA as a regulator of flux through the phenylpropanoid pathway, this model still poses a number of problems. A major difficulty concerns the specificity of the inhibitory effects ofCA; concentrations optimal for inhibition of PAL appearance may be toxic to plant cells and could therefore give a blanket inhibition of mRNA synthesis. However, concentrations of CA up to 10-3M do not appear to affect the viability of alfalfa suspension cell protoplasts (AD Plant Physiol. Vol. 94, 1990 . A 159 bp bean glucanase cDNA fragment obtained by polymerase chain reaction amplification from a bean cDNA library (B. Edington and R.A.D., unpublished results) was cloned into the SmaI site of the vector pGEM7Zf(+) (Stratagene) and was used as template for synthesis of antisense RNA probes for measuring glucanase transcript levels by RNase protection. Linearization of this plasmid with HindIll followed by in vitro transcription gave a 0.234 kb probe of which an approximately 150 bp fragment was protected by hybridization to bean glucanase transcripts in RNase-protection experiments. The origin ofthe cDNA clone for the constitutively expressed H 1 transcript has been described previously (18) . H 1 sequences were labeled by the random hexanucleotide priming method (13) and used to analyze transcripts by Northern blot hybridization.
Plant Material and Treatment of Cell Cultures
Cell suspension cultures of French bean (Phaseolus vulgaris) cv Imuna were initiated and maintained as previously described (7). All experiments were conducted with cultures in exponential growth phase. For elicitation of cells, cultures were exposed to a crude elicitor prepared by heat treatment of cell walls of Colletotrichum lindemuthianum as described previously (9) . Treatment of cells with CA or AOPP was carried out as described (4). Cells were harvested by vacuum filtration, frozen in liquid N2, and stored at -70°C until required.
Isolation and in Vitro Translation of RNA Total RNA was isolated from cells as described by Vries et al. (27) . Polysomal RNA was isolated by a modification (24) of the method of Palmiter (22) . RNA was assayed spectrophotometrically at 260 nm.
In vitro translation of RNA in the presence of [35S]methionine (NEN) was performed according to the suppliers of the nuclease-free rabbit reticulocyte lysate translation system (Promega Biotech). Radiolabeled proteins synthesized from in vitro translation of RNA were separated on 12% SDSpolyacrylamide gels and visualized by fluorography.
RNase Protection and Northern Blot Analysis
RNase protection was performed as described previously (19) . In each experiment, aliquots of the same RNA samples were used for probing the levels of different transcripts in order to measure meaningful relative levels. Radioactivity on gels was quantitated with an Ambis scanning radiodetector. Variability between replicate hybridizations/RNase-digestions of the same sample gave a SD ± 10.2% (n = 8). For Northern blots, RNA was denatured with formamide and formaldehyde and separated on formaldehyde gels according to standard protocols (23) . Ethidium bromide staining of RNA gels prior to transfer confirmed equal loading of lanes. Gels were blotted onto Genescreen (NEN) membranes and probed according to the protocol supplied by NEN. 
RESULTS

Induction of the PAL Gene Family by Fungal Elicitor
Suspension cultured bean cells were treated for 3 h with fungal elicitor together with different concentrations of CA. Analysis of levels of individual PAL transcripts in the total RNA fraction from these cells by RNase protection (Fig. 1 B) indicated that all three PAL genes were induced in response to elicitor. The short probes used in Figure B gave protected doublets (probably due to limited "chewing in" of RNase at the ends of the protected complexes) of the correct sizes indicative of the detection of specific individual PAL transcripts (Fig. IA) . When the large probes described in Figure  IA were used, the major protected doublet was also accompanied by a number of smaller protected fragments, representing regions homologous between the three members of the PAL gene family. To determine the kinetics for inhibition of appearance of the three individual PAL transcripts, cells were treated simultaneously with elicitor and l0-3 M CA, and polysomal mRNA was isolated from cells harvested at various times up to 8h postelicitation. RNase-protection analyses revealed significantly different induction kinetics for the elicitation of the three PAL gene transcripts in the absence of added CA (Fig.  3) , with PALl being induced rapidly (60% maximum activity within 1 h), followed by PAL2 (1 h lag) and PAL3 (approximately 2 h lag). Maximum transcript levels for all three PAL genes were attained 6 h after exposure to elicitor. The appearance of PAL2 transcripts in the polysomal mRNA fraction was completely abolished by addition of 10-3M CA at the same time as elicitor (Fig. 3) . PALl transcripts were relatively unaffected (within the variability of the RNase protection technique) within the first hour of exposure to elicitor plus CA and then declined to undetectable levels, whereas appearance of PAL3 transcripts, while initially inhibited, appeared to increase slightly after 5 h in the presence of elicitor plus CA. In contrast, H 1 transcripts were relatively unaffected by CA during the first 5 h of exposure, after which time their levels appeared higher in the presence than in the absence of the pathway intermediate.
Previous results of nuclear transcript runoff experiments indicated that the inhibition of appearance of total PAL and CHS transcripts by CA in bean cells results, at least in part, from decreased rates of transcription (4) . As transcription rate appears to be the major factor determining steady state transcript levels during the early stages of elicitor induction of PAL genes in cultured bean cells (18) , it would be expected that the more rapidly induced PALl gene would become less sensitive to inhibition of expression by CA as a function of the time of its addition than would the more slowly induced PAL2 and PAL3. To test this prediction, PAL transcript levels were measured in elicited cells to which CA was added at various times postelicitation, prior to harvest at 3 h (Fig. 4) . Addition of CA 1 h postelicitation only resulted in a 20 to 30% inhibition of the level of PALl transcripts measured at 3 h, in contrast to a 70 to 80% inhibition in the levels of PAL2 and PAL3 transcripts. These differences are clearly significant in relation to the -+10% variation inherent in the RNase protection technique. However, neither this kinetic approach, nor nuclear transcript runoff analyses, can discount the possibility that CA may be exerting its effects on transcription indirectly, by preventing the propagation of the initial signal resulting from interaction of the elicitor with the plant cell. Evidence against this interpretation is, however, provided by the fact that elicitor was still able to induce 1,3-/-Dglucanase transcripts to near maximum elicitor-induced levels in the presence of 10-3M CA (Fig. 2) . To see whether other mRNAs were also induced by elicitor under conditions in which PAL transcript accumulation was blocked, we examined the effects of CA on the population of mRNA activities resolved by in vitro translation of the RNA preparations used for transcript determinations in Figure 3 . Of the labeled in vitro translation products visualized on one-dimensional gels (Fig. 5 Loss of Preinduced PAL Transcripts in Response to CA Another possible explanation for the inhibitory effects of CA would be a CA-stimulated increase in the rate of degradation of newly synthesized PAL transcripts. We therefore measured the levels of PAL transcripts in the bean cells after addition of CA 4 h postelicitation, by which time significant quantities of new transcripts should be present. In the experiment shown in Figure 6 , we analyzed transcript levels in the total RNA population, rather than in the polysomal fraction analyzed in Figure 3 , in order to rule out any possible effects ofCA on recruitment of mRNAs into polysomes. The kinetics of induction of PALl, PAL2, and PAL3 transcripts were slightly different from those recorded in the experiment in Figure 3 , especially with regard to the higher basal levels of PAL2 and PAL3 transcripts and the somewhat lower expression of PALl at 2 h compared with 8 h postelicitation. These differences could either be due to the different RNA fractions analyzed or simply to the fact that a different batch of cells was used; however, the same relative differences in the initial rates of transcript appearance for the three PAL genes were still observed in this experiment, which, as in the other experiments, yields directly comparative data due to the use of aliquots of the same RNA samples for analysis of the different PAL transcripts. The most dramatic effect of adding CA 4 h after elicitation was observed for PAL2, where transcript levels dropped to below unelicited control values within 30 min of exposure to CA and did not recover above this level over the following 3.5 h. The decline in PAL3 transcripts was less rapid, and levels increased again between 6 and 8 h.
PALl transcripts remained at induced levels for 1 to 1.5 h after addition of CA, before declining rapidly and then increasing as in the case of PAL3. The behavior of PALl transcripts in the total RNA fraction during the first 2 h of addition of CA 4 h postelicitation (Fig. 6 ) paralleled the effects seen with this transcript in the polysomal RNA fraction when CA was added at the same time as elicitor (Fig. 3) . A similar correlation was seen with respect to the extreme sensitivity to CA of the appearance of PAL2 transcripts. The loss of PAL transcripts induced by addition of CA 4 h postelicitation is not part of a blanket effect on mRNA stability in view of the lack of significant loss of glucanase or chitinase transcripts (Fig. 6) . Generally, the polypeptide pattern observed by l-D gel analysis of in vitro translated total RNA (Fig. 7) was qualitatively unaffected by addition of CA 4 h postelicitation. The exceptions were one polypeptide which was lost upon elicitation but recovered in the presence of CA (a; Mr 56,000), one which was expressed constitutively but decreased in the presence of CA (b; Mr 43,000), and one which was elicitor-induced but remained elevated in the presence of CA (e; Mr 34,000).
Effects on Individual PAL Transcript Levels of Inhibition of PAL Activity in Vivo AOPP is a potent and specific inhibitor of PAL activity in vivo. If the effects of exogenously added CA reflect phenomena which may be modulated by endogenous CA in vivo, it would be predicted that blocking CA production in elicitortreated cells with AOPP would result in increased levels for each of the three individual PAL transcripts. This was confirmed by the data in Figure 8 , in which transcript levels were measured up to 24 h postelicitation in order to assess whether the period of transcript appearance or transcript decline was most affected by AOPP. The data for cells treated with elicitor alone reveal two peaks of induced transcript level, at approximately 3 h and 12 h postelicitation, for each of the three individual PAL genes. At times between 3 and 15 h postelicitation, cells treated with elicitor plus AOPP contained higher levels of PALl, PAL2, and PAL3 transcripts than corresponding cells treated with elicitor only (exceptions being PALl at 9 h and PAL3 at 3 h). The largest differences were seen for PALl and PAL3 transcripts 15 h postelicitation. In contrast, H 1 transcripts gradually decreased with time after addition of AOPP, as compared to the situation in cells treated with elicitor only. Glucanase transcripts were not induced above elicited control levels in the presence of AOPP (data not shown).
DISCUSSION
In cell suspensions of bean cultivar Imuna, S -nucleaseprotection analysis has revealed induction of transcripts from all three members of the PAL gene family in response to elicitor (12) . This is confirmed in the present work by RNase protection, with a different set of gene-specific probes. In the Imuna cell line used here, expression ofPAL2 was consistently higher than previously reported (12) . The three PAL genes were expressed with different kinetics in response to elicitor, characterized by a more rapid initial appearance of PALl transcripts.
The dose response data in Figure 2 suggest a small increase in elicitor-induced PAL2 transcript levels in the presence of IO-' M CA but a much larger increase in glucanase transcripts in the presence of 5 x 10-4 M CA (Fig. 2) . Although this effect for PAL 2 is of questionable significance in view of the variability of the RNase protection technique, low concentrations of CA have also been shown to lead to increased appearance of elicitor-induced transcripts from the bean chalcone synthase gene CHS15 (M Mavandad, RA (4) suggesting that the inhibitory effects of exposure to CA may occur directly at the level of transcription. In the absence of an in vitro transcription system for plants, it is not easy to prove this directly, and this interpretation is, in addition, complicated by a number of factors. Firstly, PAL genes have to be induced in the cultured cells before inhibitory effects of exposure to CA can be measured, and apparent inhibition of transcription could therefore simply result from inhibition of the propagation ofthe initial elicitation signal to the transcriptional apparatus. This is of particular concern since the initial stages of elicitation by fungal cell wall components may involve changes at the plasma membrane (2) , and CA is a lipophilic acid and as such may be able to dissipate transmembrane proton gradients. However, the lack of inhibition of elicitation ofglucanase (Fig. 2) and other unidentified elicitorinduced mRNA activities (Fig. 5 ) by 1 O' M CA indicates that, if the propagation of a signal for PAL induction is being affected, this signal can not be common to all elicitor-induced genes. Induction of the antifungal hydrolases chitinase and glucanase in the bean cell cultures is known to result from increased transcript appearance (15) (B Edington, RA Dixon, unpublished results). (Fig. 4) correlate well with the relative induction kinetics of the three PAL genes shown in Figure 2 . Thus, transcripts from PALl are induced earlier than from PAL2 and PAL3, and their accumulation 3 h after elicitation is less sensitive to inhibition by CA additions 1 h after elicitation than that of the other transcripts. This alone does not prove that transcription per se is being inhibited by exposure to CA, but it does suggest that early events in the accumulation of induced transcripts are being affected. Previous work has shown that elicitation of PAL activity in bean cells by cell wall components from Colletotrichum lindemuthianum is at least partly reversible during the first 2 h after addition of the elicitor, and that elicitor may be required throughout this period in relation to the determination of the final PAL activity attained, rather than simply acting as a trigger (7) . In view of this, inhibition of the initial effects of elicitor by addition of CA at, for example, 1 h postelicitation, would be predicted to inhibit the PAL induction response to near basal levels, which is clearly not observed in the data for PALl in Figure 4 . It is, therefore, likely that the elicitation signal for PAL induction has been propagated in the presence of CA.
In addition to preventing appearance of PAL transcripts, CA causes a rapid loss of PAL transcripts when added 4 h postelicitation. The Figure 7 . SDS-PAGE of in vitro translation products from total RNA isolated from suspension cultured bean cells treated with fungal elicitor alone, or with elicitor followed by CA (1 03 M) 4 h later, for the times shown. M = radioactive mol wt markers. a to f are polypeptides whose appearance is affected by the treatments (see text); they are not labeled to correspond to polypeptides a to f in Figure 5 . tion observed when CA is added at the same time as elicitor (Fig. 2) , namely no change or perhaps a small initial increase in PALl transcript levels but extreme sensitivity of PAL2 transcripts to CA. We cannot at present rule out the possibility that these differences simply reflect different half-lives for the three PAL mRNAs after inhibition of synthesis of new transcripts by CA, although the apparent half-lives observed in Figure 6 on addition of CA appear considerably shorter than the half-life of around 2 h for total PAL transcripts observed in previous studies using a bean cell culture line which exhibited a more transient induction of PAL than observed in the present work (10) . That We have shown that levels of transcripts from the three PAL genes of bean are affected in a similar manner on exposure of cell cultures to CA. However, PAL2 transcripts appear to be most sensitive to inhibitory effects, and PALl transcripts appear to show a delayed response. Whether these small differences are of physiological relevance remains to be determined. The (26) .
